In order to further characterise sorghum starch as a potential ingredient in food formulations, starch granules have been extracted from sorghum flour and characterised. The lamellar structure of granules and the uptake of water under ambient conditions have been investigated using small-angle X-ray scattering (SAXS). The lamellar structure was affected by the uptake of water and crystallinity was disrupted as water was absorbed. The diameter of sorghum granules had a bimodal distribution and the lamellar patterns were similar to those of other cereal starches. Moisture uptake occurred within the first four hours of exposure to water and SAXS provides a valuable technique for further studies of granular starch, including changes during the uptake of water.
Introduction
In the food industry, starch is a valuable raw material, having a number of applications including as a thickener, stabiliser, gelling agent and as a fat replacer (Copeland et al., 2009) . Starch is a carbohydrate polymer of the monosaccharide D-glucose, existing in two primary forms, amylose and amylopectin. In amylose, the linkages are predominantly a(1?4) glycosidic bonds with a relatively small degree of branching whereas amylopectin also has a(1?6) links which provide a higher degree of branching (Coultate, 2009 ). These two forms naturally co-exist in larger structures, known as starch granules. These range from 1 to 100 lm in diameter and are composed of concentric layers or growth rings (Tester et al., 2004 (Tester et al., , 2006 . The high-density regions are comprised of alternating amorphous and crystalline amylopectin layers. The semi-crystalline growth rings surrounding the hilum (the centre of the granule) are 120-400 nm in thickness (Donald et al., 2001) . Amylose is found in the low-density regions, between the amorphous and crystalline layers of amylopectin, disrupting the crystallinity. The amylopectin molecule has a degree of polymerisation (DP) of up to 50 000 but the protruding branches of the structure have chains with more than ten glucose units and these can form double helices which are approximately 6 nm in length. Native starch granules show a lamellar structure with a regular repeat distance between the semi-crystalline growth rings of 9-10 nm (Cameron & Donald, 1992) , as shown schematically in Fig. 1 .
Starch granules typically retain their structural integrity under most conditions, but upon extended soaking in water or exposure to heating, a phenomenon known as gelatinisation occurs. This is accompanied by modifications including absorption of moisture, swelling of granules and a loss of crystallinity (Jenkins et al., 1994) .
There is increasing awareness of coeliac disease, allergic responses and sensitivities to gluten globally (Cole & Kagnoff, 1985; Niewinski, 2008; Kang et al., 2013) . Although in many countries, wheat starch has been extracted from flour and widely used as a food ingredient, it is well-established that residual gluten in commercial wheaten starch is sufficient to cause reactions for those who are sensitive (Skerritt & Hill, 1992; Poley, 2017) . As a result, current regulatory requirements in a number of countries specify that gluten-free ingredients must contain less that 20 mg per kg of gluten proteins. Accordingly, there has been a trend away from using wheaten starch as the demand for wheatfree food products has increased. Starches prepared from various alternative sources have been used to produce gluten-free foods, including corn, potato and rice. In this context, sorghum is a potential source of starch. However, there has been relatively little research on sorghum for production of food in western countries. Therefore, this study seeks to enhance *Correspondent: E-mail: s3465030@student.rmit.edu.au International Journal of Food Science and Technology 2019, 54, 744-751 doi:10.1111/ijfs.13989 understanding of sorghum starch granules, in the context of the potential of this source of starch for the development of novel food products.
In previous research, an extensive range of techniques have been utilised to develop an understanding of the structure of starch granules. Wide angle X-ray scattering (WAXS) has shown the distinction between A, B and C types amongst the starches in terms of their crystallinity (Hizukiri & Nikun, 1957) with cereal starches having the A-type pattern. Further information regarding the lamellar structure of starch can only be found in the hydrated form, as dry starch samples do not produce regular scattering patterns. In smallangle X-ray scattering (SAXS), hydrated samples are illuminated with a beam of X-ray photons, which are absorbed by electrons surrounding the atoms and then scattered in all directions. Where regular repeating structures are present in the sample (including lamellae), SAXS will produce characteristic diffraction patterns, with the peak positions related to the distances between the structures present. SAXS can probe structures in the range of~1 to hundreds of nm, so is ideal for probing the mesoscopic structures present in starches. These diffraction data can be analysed to obtain information not only on the distances between the lamellae, but also the sizes of the crystalline regions (Blazek & Gilbert, 2011) .
Small-angle X-ray scattering measures the scattered intensity vs. scattering angle. If a sample has repeating structures having an average separation of d, diffraction peaks will be observed at characteristic scattering angles h, according to Bragg's law: 2d sinh = nk, where n is a positive integer representing diffraction order, and k is the wavelength of incident X-rays.
In this paper, we present a study of the properties and structure of sorghum starch. As part of a wider objective of characterising starch from this source, SAXS has been used and applied at various periods of time following exposure of the granules to an aqueous environment. This study has allowed us to determine the lamellar structure of sorghum starch granules, the time frame of water uptake as well as granular hydration.
Materials and methods

Starch isolation
Sorghum starch was isolated and purified from sorghum flour (Bob's Red Mill Natural Foods Inc, Oregon, USA) using the procedure originally described by Morrison et al. (1984) . A solution of NaHSO 3 0.5% (w/v) was added to sorghum flour 375 g, stirred and left to steep overnight at room temperature (approx. 25°C). The liquor was then decanted, and distilled water added with stirring to resuspend the starch granules. The aqueous solution was passed gently through a 90-lm mesh sieve to obtain the starch. The residue was rubbed on the sieve with the help of a pestle, adding additional water until no more starch was obtained. The starch was recovered by centrifugation at 2000 g for 20 min. A proteinaceous layer which formed above the starch was carefully removed by pipette. More water was added, the starch resuspended and the procedure was repeated until no protein layer formed at the top of the starch (4-7 times were required). The resultant starch fraction was then treated with 10 volumes of acetone for 2 min to facilitate removal of water and recovered by centrifugation at 900 g for 5 min. This step was then repeated prior to leaving the starch product to dry overnight at room temperature. This yielded a free-flowing powder which was then gently passed through a 90-lm mesh sieve with care to avoid any physical damage.
Sample preparation
Sorghum starch samples (5 mg) were accurately weighed and ultrapure water (MilliQ Corporation) added (1:1 w/w starch/water on dry weight basis) (Cameron & Donald, 1992) . The starch slurries were analysed using small-angle X-ray scattering (SAXS) immediately and again after storage at room temperature for 4 and 8 h.
Environmental scanning electron microscopy (ESEM)
Micrographs were recorded using an FEI Quanta 200 ESEM microscope (Oregon, USA) at the RMIT Microscopy and Microanalysis Facility (RMMF). Dried starch granules were spread evenly on the copper stubs with double-sided adhesive carbon tape. These were then gold-coated using a gold sputter unit with an argon gas environment. ESEM images were recorded at an accelerating voltage of 30 kV using secondary back-scattered electrons, an internal diffraction TV camera (CCD) and built-in software. For all samples, a series of micrographs were obtained at various magnifications.
X-ray diffraction (XRD)
X-ray diffractograms of the powdered samples were obtained using a Bruker D4 Endeavor under the following conditions: 2h range of 5-90°, voltage of 40 kV, current of 35 mA, rate of 0.3/s and a stepsize of 0.02. Spectra were interpreted using Bruker DIF-FRAC.EVA software (version 4.2.0.31). Results were smoothed with a maximum smoothing of 0.599, minimum of 0.020 and smoothing factor of 0.150. The degree of crystallinity (DC) was calculated from the X-ray diffractograms, using the formula described by Mihhalevski et al. (2012) and Ribotta et al. (2004) .
Where: Ic = The integrated area of the crystalline phase; and Ia = The integrated area of the amorphous phase.
Small-angle X-ray scattering (SAXS)
Measurements were performed on a Bruker Microcalix instrument using 50 W Cu Ka radiation at a wavelength of 1.54 A. Measurements were carried out under vacuum, and scattered X-rays were detected using a Pilatus 100 k detector. Following addition of water and thorough mixing, starch slurry was weighed (2.3 mg) and transferred into a series of glass capillary tubes (Hilgenberg, Germany). The sample tubes were sealed using epoxy glue to prevent any change in the water content during the analysis. Scattering measurements were performed at zero time, 4 and 8 h with further observations recorded every four hours until the final measurement at 112 h. The conditions used were: 30 min exposure time and transmission measurements were carried out over 30 s.
Analysis of SAXS data
Data analysis (normalisation, primary beam masking and background subtraction) was carried out in Fit-2D (European Synchrotron, France). No smoothing was used and the fitted results were not significantly affected by normalisation.
Results & discussion
Morphology of starch granules
For the purposes of the current study, a sample of commercial flour was chosen as the source material for isolation of the starch using the procedure described by (Morrison et al., 1984) . This approach provided granular starch which might be comparable to that achieved if a commercial process was used to prepare a food ingredient. In characterising the prepared starch, it was found that the level of mechanical starch damage was less than 0.5% and this was considered sufficiently low as to have no effect on the analyses of the current investigation.
The starch granules isolated from the sorghum flour were firstly characterised using ESEM and typical images are presented in Fig. 2 . These do show some amorphous material adhering to the granular surfaces. Although likely to be protein, the contents were low because direct analysis using a standard Kjeldahl procedure was unable to readily measure nitrogenous material. The micrographs indicate a bimodal distribution of granules: one population is of small spherical granules having a typical diameter of 7.25 lm, whereas the second population of 31.2 lm larger diameter shows a much greater proportion of granules having polyhedral shape (Fig. 3.) . The laser scattering analyser was used to provide values for the mean or overall diameter of the population of granules. The images of the sorghum starch granules are characterised by the presence of indentations around the corners and pitting at multiple sites along the edges. The layered structure of the growth rings is visible in some of the granules which indicate different exposure of semicrystalline and amorphous growth rings.
The current observations confirm those reported previously from various microscopic techniques. Sorghum starch granules have been found to exist in various shapes, particularly spherical and polygonal, with indentations and pores on the surface (Ai et al., 2011) . The size is heterogeneous and ranges from approximately 4-35 lm, while small (diameter < 10 lm) and large (diameter > 10 lm) granules have comparable amylose contents (Stark et al., 1983) . Environmental factors including temperature and moisture content might influence the granule morphology.
Regarding surface structure, some previous studies encompassing granules from corn, sorghum, millet, wheat, rye and barley have reported that pores tend to occur as randomly distributed clusters and are prevalent on the spherical granules of the floury endosperm (Fannon et al., 1992; Dombrink-Kurtzman & Knutson, 1997) . Subsequently, Fannon et al. (1993) showed evidence that granule pores might be more than surface features, and could represent openings to channels within the granular structure.
Crystallinity of native starch granules
In order to further characterise the granules from sorghum flour, XRD was selected, although it is known that XRD data from raw starches are unlike those of many crystalline materials. The ordering of starch helices gives rise to weak diffraction intensity in natural powder starches (Frost et al., 2009) . It has also been noted in the literature that unless long irradiation times and small detector steps are used, starch XRD patterns are relatively noisy. The physical and chemical properties of starch are highly dependent upon the degree of crystallinity present in the polymer and the A, B and Vtype crystallinities can be measured using XRD. Previous studies have indicated a number of ways to observe the distinction between crystalline and amorphous scattering regions (Alexander, 1970; Rabiej, 1991 ). In the current study, it was necessary to smooth the data as described in Section 2.4, in order to identify the features clearly, and typical examples of XRD patterns for the sorghum starch are presented in Fig. 4 . All samples displayed a typical A-type crystalline diffraction pattern and the primary diffraction doublet was observed at 2h values of 16 and 18°, with further major peaks at 15, 20 and 23°. These native XRD patterns are consistent with those described in the literature for starches from a variety of cereal grains (Blazek & Gilbert, 2010; Besbes et al., 2014) . In these patterns, the peaks correspond with crystalline structures within the starch granules. Average crystallinity values were calculated for the dried sorghum starch samples (Table 1) and were found to be 43 AE 3%, with the amorphous phase comprising the remaining 57 AE 3%.
Small-angle X-ray scattering has been applied widely to studies of various food components (Li et al., 2018) including various studies of starch crystallinity. Relatively few studies have applied SAXS to investigate the effect of processing, involving heat treatment on granular structure and properties. However, the behaviour of starch in water with the application of heat can be largely explained by the application of structural elucidation techniques. Cameron and Donald (1992) used SAXS to observe the change in electron densities in the amorphous growth region, crystalline lamellae and amorphous lamellae. They found that as gelatinisation progressed, the amorphous growth region rapidly absorbed water, followed by the amorphous lamellae, and finally a disruption to crystallites was seen. More recently during extraction, an increase in the amorphous fraction and a loss of order were observed by X-ray diffraction (Marti et al., 2011) . In the current study, Fig. 3 illustrates that sorghum starch samples exhibited a greater increase in intensity at 16 and 18°2h peaks relating to the complex formation of single helices and a decrease in peak intensity at 15 and 23°2h. This is consistent with peak intensity values typically reflecting variations in the organisation of amylose or amylopectin within the interior of starch granules from a variety of plant sources (Waduge et al., 2010) .
Mesostructure from SAXS measurements
The internal structure and moisture uptake of the sorghum starch granules at room temperature was evaluated using SAXS for samples run immediately following the addition of water (0 h) as well as at various periods up to 176 h following initial hydration. Typical examples of the 2D scattering patterns obtained at zero time, and after 4 and 8 h, are presented in Fig. 5 . As most of the crystals are randomly oriented, the scattering pattern is observed as a ring, though individual spots are visible due to reflections from single large crystals. After 4 h, an additional ring is observed, and this remains unchanged after 8 and even when the analysis was performed and extended to 176 h.
In order to further analyse the patterns, the data results were azimuthally averaged, leading to the graphs of intensity as a function of the scattering vector q presented in Fig. 6 . These confirm that exposure to water at room temperature for extended periods leads to changes in the lamellar structure -and correspondingly moisture has a vital role in determining the crystal structure of sorghum starch. The current observations (a) (b) (c) Figure 5 Small-angle X-ray scattering patterns of sorghum starch obtained at 0 (a), 4 (b) and 8 (c) h after addition of water. Note: the black spot on the left of the images is due to the beam stop. As a result of the much lower scattering of the 0 h sample, the image contrast has been enhanced to enable the scattering to be observed in this image. In (b) and (c) the darker concentric circle corresponds with the crystals that are randomly oriented, the scattering pattern becomes a ring and the small diffuse intermediate region of darkness between that and the beam spot is the reflection of the crystalline structure that remains constant after 8 h. indicate that starch from this species has behaviour similar to that of starches from a number of other botanical sources, and further confirm that the lamellar structure of starch can only be elucidated when the granules are in the hydrated form (Donald et al., 2001; Blazek & Gilbert, 2011) . The position of the peak maximum (qmax) is believed to result from alternating crystalline and amorphous growth layers (Cameron & Donald, 1992; Waigh et al., 1999) . The value can be used to calculate the lamellar repeat spacing (d l ) using the equation
, which gives a value of d l = 9.6 nm for the sorghum starch. This result falls within the known range of 9-10 nm for the structural periodicities of starch granules from other plants.
It is observed that the lamellar repeats become less pronounced with the extended absorption of water over time, resulting in the increase of the granule size. This corresponds with the known behaviours of granule swelling at temperatures below that associated with the irreversible gelatinisation of starch granules. In addition, it is consistent with previous studies on granules from other grains, where dissociation of the semi-crystalline structure has also been observed (Cardoso et al., 2006) . These changes are clearly apparent in the SAXS patterns of the sorghum starch (Fig. 4) .
Conclusion
The structural features of sorghum starch have been studied at room temperature particularly during the uptake of water. The granular structure was observed to consist of stacks of lamellae and the dimensions of these were similar to that reported for other cereal starches. As water was absorbed by the granules, the swelling associated with the distribution of moisture appeared to occur within the first four hours after the dry granules were mixed with water. The results demonstrate the value of small-angle X-ray scattering techniques to studies of granular swelling and moisture uptake at temperatures below those resulting in gelatinisation.
